SUMMARY This paper presents a method of searching for the shortest route via the most designated points with the length not exceeding the preset upper bound. The proposed algorithm can obtain the quasi-optimum route efficiently and its effectiveness is verified by applying the algorithm to the actual map data.
Introduction
There are several search algorithms for the shortest route problem such as depth-first search, breadth-first search, etc. [1] - [3] . Dijkstra's algorithm is a kind of breadth-first search which can stably find the shortest route in a short time [4] . Several methods based on this algorithm have been proposed. However, it is difficult for the existing methods using Dijkstra's algorithm to search for the shortest route via the most designated points with the length not exceeding the preset upper bound, because they can only search for the shortest route between two points.
The authors have proposed a genetic algorithm [5] approach for this problem in [6] and [7] . In [6] , a method of routing the shortest route via all and a part of several designated points is proposed. The objective route can be obtained by selecting the route with the most designated points and a shorter length than the upper bound from the obtained routes. However, this method requires a high calculation cost. To solve the problem, another approach is proposed in [7] . This method can efficiently obtain the shortest route via several designated points by using a fitness function including weight parameters which are controlled based on the building block hypothesis. The method incorporating this fitness function makes it possible to reduce the calculation cost by using good schemata in the lethal chromosomes which used to be screened out in the previous method [6] . Nevertheless, the algorithm [7] can not obtain the objective route because this method can only search for the shortest route with all of the designated points.
Therefore, this paper presents a genetic algorithm for routing with an upper bound constraint by improving the method [7] . The proposed method can search for the optimum with a low calculation cost, and its effectiveness is verified by experiments applied to the map data.
Simple Method and Its Problems
It seems that introducing an upper bound constraint to the algorithm [7] is easy to realize by simply screening out the chromosomes whose route lengths exceed the preset upper bound. Hence the following fitness function is adopted.
where T (p) is the number of nodes passed through from the starting node to the goal node, rlength p (i) is the path length between the ith node and the (i − 1)th node of the pth chromosome. α n (1 ≤ α n < α n−1 < . . . < α 0 ) is the weight parameter when the route represented by the chromosome has n designated points (the setting method for α n is mentioned in [7] ) and U is the preset upper bound of the route length respectively. The chromosomes with route lengths longer than U are suppressed by giving very low fitness with the equation α(p) = 1000. For the objective problem, the function to evaluate chromosomes must be designed so that a chromosome corresponding to a shorter route with more designated points holding the route length shorter than U has a better evaluation. The fitness defined in Eq. (1) satisfies the above. We now show an example of applying the method with above fitness function to the map data of Iwaki city, which includes 93 nodes and 119 edges, with two designated points 'A' and 'B' shown in Fig. 1 . The process of generating an initial population of chromosomes, selection, crossover and mutation is the same as the method described in [7] . Where in the GA processing the population is 100, the mutation probability is 3%, and the processing is terminated when the best chromosome has no evolution during 100 generations. The route shown in Fig. 1 is obtained as the result of routing when U = 2.0, and the route shown in Fig. 2 is obtained when U = 1.2. The length of each route is 1.233 and 0.900 respectively. Then, we set U to 1.25. The route shown in Fig. 1 should be obtained. To try to find the cause of this problem, we practice a simulation shown below. We change the value U from 1.0 to 2.5 in steps of 0.05, process 100 times for each value and examine the number for which the routes shown with the thick line in Fig. 1 and Fig. 2 are obtained. The probability of obtaining the routes for a given value of U is shown in Fig. 3 . The dotted line and the broken line indicates the probability of obtaining the route shown in Fig. 1 and Fig. 2 respectively. Figure 3 indicates that the optimization probability is reversed in the range 1.25 ≤ U ≤ 1.4.
The reason for this kind of miss-routing is considered as follows. In the proposed method, schemata which represent the shorter routes or the passage of the designated points are recombined to form building blocks, because genetic algorithms are used for seeking the optimum in the proposed method. On the other hand, the chromosomes which include the schemata representing passage of many designated points tend to have long route length. Hence, when U is set to neighborhood of the shortest route length of each number of the designated points, such chromosomes are suppressed with high probability based on the upper bound constraint even if the schemata with many designated points are formed in the search process. Therefore, it is dif- ficult to search for the optimum because such schemata are not preserved to the next generation.
Proposed Method
For the purpose of solving the problem mentioned above, the two-stage searching method is proposed. In the first stage, we start searching without an upper bound constraint, and process it until the termination condition determined by the best chromosome which has no evolution during N generations, is satisfied. Then, the searching process is terminated if the route length of the best chromosome (which is denoted as l a ) is shorter than the preset upper bound (now u is used for the preset upper bound). In this case, the searching process is the same as the previous method [7] , therefore the best chromosome of this point of time includes all the schemata which represent the passage of each designated point. Otherwise, when l a > u, chromosomes which resemble the optimum should be generated by deleting some schemata representing the passage of the designated point included in the best chromosome of the first stage.
In the second stage, the searching process is restarted with setting the value of U in Eq. (1) to l a . After that, we process the algorithm with reducing the value U little by little in the generation change. To put it concretely, U is decreased by l a −u N every generation where U ≥ u is satisfied. The whole searching process is terminated when the termination condition is satisfied again. By using the method described above, building blocks for the objective problem are efficiently formed and the searching ability is raised, because the schemata with many designated points are not screened by the preset upper bound in the searching process. To verify the effectiveness of the proposed method, the above method is applied to the map data of Iwaki and the probability of obtaining the routes mentioned in Sect. 2 is examined in the same way as shown in Fig. 3 . The simulation result is shown in Fig. 4 . On the basis of the figures, Table 1 and Table 2 indicate that the searching ability is improved comparing with the method which U is set to a fixed value (the simple method mentioned in Sect. 2.) in the case where the value u is set to the neighborhood of the route length of the shortest route Table 3 using an AMD Athlon 1 GHz processor. The proposed method reduces the calculation cost by 64.7% compared with the previous method [6] . As can be seen from the experimental results shown above, the proposed method searches for the optimum route efficiently and it is more useful than the simple method and the previous method.
Conclusion
In this paper we presented a method of routing the shortest route via the most designated points with the length not exceeding the upper bound. The proposed method solves the miss-routing problem, which occurs when the chromosomes, whose route length exceed the preset upper bound, are simply screened out. The problem is solved by changing the value of u gradually in the search process. By using the proposed method, schemata which represent passage of many designated points are preserved during the generation change, and the optimum is searched more efficiently compared with the simple method and the previous method. Also, the effectiveness of the proposed method is verified by some experiments. There are requirements for this kind of routing hence the proposed method is useful.
